Abstract: The work describes a new model of erosion estimation equation which factors in both the
INTRODUCTION
This paper is a continuation of references [1] [2] [3] [4] in which experimental data referring to the composite material erosion is processed and interpreted into semi-empirical or semianalytical erosion models.
It is well-known that solely by analytical means such an erosion model cannot fully describe the erosion behavior of even the simplest of composite materials. Hence, the approach of incorporating experimental findings and observations was chosen.
Papers [5] [6] [7] , make comprehensive state of the art surveys of existing erosion models dating to 2010.
Also notable is the research of Chamis which proposes in Ref [8] a composite material erosion model referring to contact abrasion with oriented fiber layers. Although, in this case, the study does not specifically refer to the solid particle erosion, the theoretical approach is excellent in that it tries to take into consideration most of the main characteristics of composite laminates.
For the purposes of this paper, however, our attention will be focused on the solid particle erosion of oriented fiber composites.
While several numerical methods, combining Smooth Particle Hydrodynamics (SPH) or other CFD methods have been employed in scientific papers such as [8, 9] , it is our goal to seek a simple and less computational demanding method of estimating the composite material erosion.
Several experimental papers have been published recently referring to this phenomenon [10] [11] [12] [13] [14] [15] [16] . Most notably in [17] the same fiber and matrix are tested in a variety of configurations, providing invaluable data to be interpreted. Also notable is the study of Kim et al in 2009 [18] which presents experimental data of successive layers of oriented fiber composites.
This study, however, is insufficient to extrapolate a reliable model but provides useful information regarding the overall behavior of such materials under erosion conditions.
Although every paper cited was significant in providing an insight to this phenomenon, the bulk of the data interpreted in this paper will dwell on the data presented in papers [19] and [20] .
THE EXPERIMENTAL DATA MODELLING
If in the case of un-oriented fiber composites the sole parameter by which experimenters differentiated between various samples (with the same chemical makeup) was the weight percentage of the fibers in the overall composite, in the case of laminate composites the dominant aspect becomes the angle of orientation of the fibers relative to the impinging jet. This is also because most laminate composites have a relatively stable mass loading of 50%-65% fibers per composite.
Reference [19] presents a comparative study of laminate composite behavior for oriented fibers at different angles β. The cited authors study the influence of the erosion with spherical steel balls between 300-500µm in diameter at 45 m/sec on unidirectional carbon fiber and fiberglass composites. Another study, similar to the one described in [19] is presented in [20] which maintains all the previous aspects except the impact velocity which is increased to 81 m/sec.
After the careful observation of the experimental results presented in the above papers, it becomes apparent that an analytical function can be determined to fit the experimental data.
From basic tribology know how, it is apparent that the sine of the impact angle -rather than the angle itself -should be used to describe the mathematical function.
After this convention has been established, a Gaussian equation may be used, all its coefficients will later be subject to non-linear regression techniques and written as mathematical functions rather than simple coefficients.
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(1') Due to the data available in the above papers, the following equation was deduced for carbon fiber composites.
It incorporates the impingement angle α, the fiber orientation angle β as well as the erosion time τ or the erodent mass flow, ̇.
Or, in the erodent mass flow form,
The graphs below present the correlation between the mathematical function determined in this paper with the experimental data from [19] . In a similar manner, using the same methods as described above, an erosion equation was determined for the glass fiber composite material (in both the erosion time and erodent mass flow form): 
FURTHER STUDY
It becomes apparent that the case in which the fibers are oriented perpendicular to the jet, the erosion rate decreases. The erosion rate increases, thus with the angle of orientation of the fibers. Therefore it may be stated that, although the maximum erosion impingement angle α is dependent on the matrix and fiber composition (chemical as well as mass loading) [21] [22] [23] , the orientation of the fibers has a general optimum when the β angle is normal to the particle stream.
The experimental data evaluated in this paper refer to composite samples in which all layers are placed at the same angle of orientation. This is not a normal setting for real life applications due to obvious mechanical criteria. It is common that technical applications have layers with alternating orientation so that the unidirectional mechanical advantages of each layer interact in synergy to the others in obtaining overall high mechanical strength. It is therefore of great importance to investigate the erosion behavior of such multilayer, multioriented composite materials. In their paper, Kim et al [18] present their experimental research regarding a three layer composite having various angular configurations. Unfortunately, their paper presents to little data and so a mathematical model could not be inferred from it. For the moment, the only method available is to treat each layer successively with its own β angle as if it was independent of the others.
CONCLUSIONS
The paper presents a new mathematical frame which allows the prediction of solid particle erosion rates for layers of unidirectional composite materials. Experimental research from the specialized literature is used in order to determine material coefficients for both glass fiber and carbon fiber laminate in epoxidic matrix composites. In both cases the erosion rate equation performed well when compared to the experimental data. A significant advantage of the proposed equations is the incorporation of the angle of fiber orientation which allows the implementation of this model to aviation grade composites (which are almost entirely either unidirectional layered or woven).
Further studies are needed to incorporate more parameters as well as more materials (matrix and fibers) into a material library in order for the model to be effectively useful in conjunction with other computer aided engineering software such as computational fluid dynamics software.
